The laser methane detector (LMD) has been proposed as a method to characterize enteric methane (CH 4 ) emissions from animals in a natural environment. To validate LMD use, its CH 4 outputs (LMD-CH 4 ), were compared against CH 4 measured with respiration chambers (chamber-CH 4 ). The LMD was used to measure CH 4 concentration (µL/L) in the exhaled air of 24 lactating ewes and 72 finishing steers. In ewes, LMD was used on 1 d for each ewe, for 2-min periods at 5 hourly observation periods (P1 to P5, respectively) after feeding. In steers fed either low-or high-concentrate diets, LMD was used once daily for a 4-min period for 3 d. The week after LMD-CH 4 measurement, ewes or steers entered respiration chambers to quantify daily CH 4 output (g/d). The LMD outputs consisted of periodic events of high CH 4 concentrations superimposed on a background of oscillating lower CH 4 concentrations. The high CH 4 events were attributed to eructation and the lower background CH 4 to respiration. After fitting a double normal distribution to the data set, a threshold of 99% of probability of the lower distribution was used to separate respiration from eructation events. The correlation between mean LMD-CH 4 and chamber-CH 4 was not high, and only improved correlations were observed after data were separated in 2 levels. In ewes, a model with LMD and DMI (adjusted R 2 = 0.92) improved the relationship between DMI and chamber-CH 4 alone (adjusted R 2 = 0.79) and between LMD and chamber-CH 4 alone (adjusted R 2 = 0.86). In both experiments, chamber-CH 4 was best explained by models with length of eructation events (time) and maximum values of CH 4 concentration during respiration events (µL/L; P < 0.01). Correlation between methods differed between observation periods, indicating the best results of the LMD were observed from 3 to 5 h after feeding. Given the short time and ease of use of LMD, there is potential for its commercial application and fieldbased studies. Although good indicators of quantity of CH 4 were obtained with respiration and eructation CH 4 , the method needed to separate the data into high and low levels of CH 4 was not simple to apply in practice. Further assessment of the LMD should be performed in relation to animal feeding behavior and physiology to validate assumptions of eructation and respiration levels, and other sources of variation should be tested (i.e., micrometeorology) to better investigate its potential application for CH 4 testing in outdoor conditions.
INTRODUCTION
The livestock sector contributes significant amounts of methane (CH 4 ) to the global anthropogenic greenhouse gas (GHG) emissions (EPA, 2014) . Different methods have been used to quantify CH 4 emissions from ruminants. However, such methods are expensive, labor intensive, or cannot be conducted in natural livestock settings. Development of novel techniques to measure CH 4 is relevant to reduce the uncertainty of GHG emissions assessments. The laser methane detector (LMD) has been proposed as an alternative method to determine enteric CH 4 emissions from animals in their natural environment (Chagunda et al., 2009; Chagunda and Yan, 2011) . There is potential to use the LMD in field-based measurements for characterization of CH 4 outputs, such as screening animals for breeding programs or assessment of alternative management strategies (Hegarty, 2013) .
The LMD is a noninvasive technique that allows CH 4 measurements on individual animals and may provide advantages over other field-scale methods, such as the SF 6 tracer technique (Johnson et al., 1994) , the polyethylene tunnel (Lockyer and Jarvis, 1995) , or breath sampling methods (Lassen et al., 2010; Garnsworthy et al., 2012; Hegarty, 2013) . The LMD is a hand-held gas detector that measures CH 4 concentrations of gaseous outputs from an animal during short periods of time. However, without validation, the LMD cannot be used to estimate CH 4 quantity emitted.
The aim of the current work was to compare CH 4 measurements from ewes and steers obtained with the LMD (LMD-CH 4 ), against independent CH 4 data for the same animals measured using respiration chambers (chamber-CH 4 ) to assess the potential practical application of the LMD to field-based studies. Furthermore, a biologically meaningful procedure for analyzing LMD outputs is described. Questions regarding whether LMD outputs can detect treatment effects and its potential applications in further mitigation testing are discussed.
MATERIALS AND METHODS
Two separate experiments were performed at Scotland's Rural College (SRUC) Beef and Sheep Research Centre (Bush Estate, Edinburgh, UK) to measure CH 4 concentration in the exhaled air from housed sheep and beef cattle with the LMD. Both experiments were approved by the Animal Experiment Committee of SRUC and were conducted in accordance with the requirements of the UK Animals (Scientific Procedures) Act 1986. In both experiments, the LMD recorded CH 4 concentration using a 0.5-s measurement interval with a 1-m distance between the mouth and nostril area of the animal and the LMD. The week after LMD-CH 4 measurements, ewes or steers entered a CH 4 measurement phase in open-circuit respiration chambers. For each animal, diets were identical throughout both LMD and respiration chamber phases.
The LMD measures the CH 4 concentration (µL/L × meter) present in the air between the target and the detector (Tokyo Gas Engineering Co. Ltd., Tokyo, Japan). These measurements are based on infrared-absorption spectroscopy using a class 1 laser, with a visible class 2 laser used as an aiming guide using backscattered light from diffusive-reflection targets. The wavelength of the light source is fixed on the absorption line of CH 4 (1.6537 μm), which provides high accuracy for CH 4 measurements and avoids interferences with other gases (Tokyo Gas Engineering Co. Ltd). The data collected was stored in a memory card and later downloaded to a computer from the LMD.
Daily CH 4 outputs (chamber-CH 4 ; g/d) were measured in 6 open-circuit respiration chambers (No Pollution Industrial Systems Ltd., Edinburgh, UK). Each chamber has an area of 25.4 m 2 and animals were loose housed in internal pens of 4 by 3 m (length × width). Air was removed from the chambers by exhaust fans set at 50 L/s and temperature and humidity were set at 15 ± 1°C and 60 ± 5% relative humidity, respectively. Exhaust air was sampled for gas analysis sequentially from each chamber and CH 4 concentrations were measured by infrared absorption spectroscopy at 6-min intervals for each chamber. Animals remained in chambers for 72 h, with CH 4 measurements recorded over the final 48 h. Measurements of CH 4 concentrations were made from the mechanically ventilated air entering and leaving each chamber and exhaust air flow rate (every 30 min) corrected to standard temperature and pressure (Gordon et al., 1995) .
Experiment 1 -Ewes
This experiment ran from May to June 2011. Methane concentration in exhaled air was measured on 24 lactating (twin lambs; 29 d into lactation) Scottish Mule ewes (Blue-Faced Leicester × Scottish Blackface) between 5 and 6 yr old, weighing 68 ± 1.5 kg (means ± SE). In a naturally ventilated shed, ewes were fed twice a day at 0800 and 1500 h with alfalfa pellets containing 9.5 MJ ME/kg DM, 180 g CP/kg DM, and 520 g NDF/ kg DM (Hazzledine, 2008) . Two feeding levels were used as treatments, ad libitum (AL; n = 12) or restricted (RES) feeding (n = 12; 0.8 of AL).
Ewes were blocked in 3 groups based on lambing date. Measurements with the LMD were made on 1 d/ wk over 3 wk (8 ewes per wk) on ewes housed in pens, with 1 ewe and corresponding lambs per pen. The LMD was used for five 2-min observation periods per animal at 2, 3, 5, 6, and 7 h after feeding (at 1000, 1100, 1300, 1400, and 1500 h, respectively; P1 to P5). At each time, it took half an hour to complete 8 measurements. Therefore, for each ewe, hours after feeding varied by 30 min. The ewes were restrained by 1 person while being measured with the LMD to maintain a constant distance (1 m) between the device and the animal and to avoid the laser path leaving the area of the sheep mouth/nostrils. The week following measurements with the LMD, ewes and lambs were transferred to the chambers in pairs (2 ewes with lambs per chamber) where ewes and lambs received the same diet, at the same feeding levels, at 0700 and 1500 h. While ewes were in the shed and in the chamber, DMI was determined as the difference of weights between feed offered and refused.
Experiment 2 -Steers
Between August and October 2011, the LMD was used to measure CH 4 concentrations in the exhaled air of 72 crossbred finishing steers, 15 to 17 mo old, with an average BW of 673 ± 4.0 kg. The steers were either Aberdeen Angus (A) or Limousin (Lim) sired and bred from a 2-breed reciprocal-crossing program, where the cattle produced are approximately 67:33 A:Lim (n = 36) or 67:33 Lim:A (n = 36). These genotypes were derived from a 2-breed rotational-breeding policy. In this policy, A cows are always mated to a Lim sire and Lim cows are always mated to an A sire. After 3 generations of this breeding policy, the proportion of each breed type is 62.5:37.5 within the makeup of every respective individual animal. Steers were fed 1 of 2 contrasting complete low-concentrate (LC; n = 36) or high-concentrate (HC; n = 36) diets, consisting of either 48:52 or 8:92 forage-to-concentrate ratio (DM basis) for at least 6 wk before LMD measurements. The LC diet consists of 40% grass silage, 35% barley silage, 15% barley grain, and 10% maize distillers dark grains (DM basis), with an estimated diet ME of 10 MJ/kg DM. The HC diet contained 12% straw, 68% barley grain, and 20% maize distillers dark grains (DM basis), with an estimated diet ME of 12.8 MJ/kg DM.
Measurements with the LMD were made the week before steers entered respiration chambers and while the steers were restrained by head yokes. In this trial, LMD measurements (4-min sampling period per measurement) were made once daily between 0900 and 1000 h and repeated over 3 consecutive days. Data from all 3 daily samples per steer were combined for further analysis (total of 12 min per animal). The week following measurement, steers were transferred to open-circuit respiration chambers individually to measure daily CH 4 (g/d) as in Exp. 1. Feed was offered on an ad libitum basis and provided once daily between 0800 and 0900 h during both LMD and chamber periods.
Laser Methane Detector Output Data
The LMD was set to take measurements every 0.5 s, thus generating a data set of about 240 observations per ewe and 480 per steer per sampling period. Errors in the reflectance of the laser beam, which were automatically recorded and identified by the LMD, were then manually deleted from the data set. Finally, the exact total number of observations was taken into account as a weighting variable for further analysis.
Because measurements with the LMD were made at a 1-m distance in both experiments, results of µL/L × meter of CH 4 are expressed in µL/L. The minimum concentration recorded for each sampling period was set as the background CH 4 concentration of the surrounding area, which was then subtracted from the rest of the sample. This was done due to the high sensitivity of the LMD to detect small variations on CH 4 concentration, even away from the animal. Measurements for each ewe or steer were evaluated as a series of point measurements. The resulting data set consisted of a series of small peaks and troughs (subsequently referred to as mini peaks and mini troughs), as shown on the amplified section of Fig. 1 . Because the LMD measures CH 4 concentration in the volume of air between the animal and the LMD through the laser path, mini peaks and mini troughs are observed as a result of the respiratory tidal cycle of the animal. Mini-peak values reflect the increase in concentration of CH 4 due to exhalation or eructation while mini troughs are recorded during the diffusion of CH 4 from the column of air. Using an Excel macro (Microsoft Corporation, Redmond, WA), mini peaks and mini troughs were identified. In agreement with Chagunda et al. (2009) , only mini peaks were used for further analysis.
Biologically, the CH 4 released by the animals could be described as 2 fractions: 1) CH 4 derived from both the rumen and lower gut and recycled through the blood to the lungs and exhaled in normal breath and 2) gaseous CH 4 emitted directly from the rumen by eructation (Murray et al., 1976) . The LMD outputs show that larger CH 4 events occur at intervals, which have their own sets of mini peaks and mini troughs within each event (Fig. 1) . These larger CH 4 events measured with the LMD are presumed to be eructation events. The lower oscillating level is attributed to be the CH 4 emanating principally from the lungs. This presumption is supported by observations made during the experiment; for example, every time the animals visibly belched, the LMD recorded episodes of high CH 4 concentration on the output screen (Fig. 1) .
To differentiate between these very distinct levels of CH 4 concentration observed in the LMD outputs, a 2-step process was developed to analyze the sheep and cattle databases.
First, as a mixture of 2 normal distributions was observed in the LMD data sets, a double normal distribu-tion was fitted to natural logarithm transformed CH 4 concentrations separately for the sheep and cattle data sets using GenStat (11th edition; VSN International, Hemel Lepmstead, UK). In each case, this is a mixture of 2 normal distributions with separate means, variances, and probabilities P and 1 -P of the observations to belong to the first or second distribution, respectively (Payne, 2012) . It was assumed that the first normal distribution represents low values of CH 4 concentration corresponding to respiration levels whereas the second distribution represents sporadic larger events related to eructation CH 4 . To have sufficiently large sample sizes for treatment parameter estimation (n = 12 ewes), all data were pooled over ewes and observation periods before distribution fitting. A similar approach was adopted for the beef steers (n = 36 LC-fed steers and n = 35 HC-fed steers, with data for 1 steer not used due to faulty LMD measurements). After fitting the 2 distributions, the cumulative probabilities of individual data points conditional on its value belonging to the distribution with the lower mean (the respiration CH 4 ) were calculated, and the threshold for respiration CH 4 was defined at 99% cumulative probability. The proportions of CH 4 emitted by respiration and eructation have been previously reported to be 17 and 83%, respectively (Blaxter and Joyce, 1963) . According to Murray et al. (1976) , between 84 and 91% (mean 87%) of the CH 4 released from the mouth and nostrils of the animal is released from the rumen by eructation while between 9 and 16% (mean 13%) of CH 4 is produced in the lower gut, where 89% of that (11% of the total CH 4 ) is recycled through the lungs via the blood stream and eliminated by respiration. The 99% probability threshold was used to separate CH 4 from respiration or eructation in proportions in accordance with previous studies.
Second, levels of CH 4 that were higher or lower than the specified threshold for each observation were systematically labeled as eructation CH 4 or respiration CH 4 , respectively, using an Excel macro (Microsoft Corporation, Redmond, WA, Fig. 1 ). As the total number of observations was different for each sampling period after removing erroneous measurements, the number of mini peaks was considered for further analyses (Table 1) . Once data sets were split into respiration CH 4 and eructation CH 4 , the mean and maximum CH 4 concentration of the overall sample and within each group of events (eructation and respiration) were identified ( Table 1 ). The proportional contribution of each group of events to the total CH 4 concentrations was also estimated as the percentage of eructation and respiration (Table 1) . Eructation events were defined when more than 1 consecutive eructation CH 4 point was identified. The frequencies of occurrence of eructation events and their area under the curve (using the trapezoidal method) were calculated and considered for further analysis (Table 1) .
Statistical Analysis
All the observations from ewes were used for further analysis (n = 24). For the analysis of the LMD data, each ewe per observation period was used as the individual experimental unit. Pair of ewes was used as the experimental unit when comparing LMD vs. chamber measurements. From the beef cattle experiment, 1 steer was rejected from the data set due to faulty LMD measurements (leaving n = 35 HC-fed steers and n = 36 LC-fed steers). For comparisons between techniques, a data set of n = 67 valid observations was used (n = 33 HC diet and n = 34 LC diet; n = 35 A:Lim and n = 32 Lim:A), as steers were further rejected from the chamber data set due to ill health (n = 1) and a faulty chamber (n = 3). Each steer was considered as the individual experimental unit.
Data collected using the LMD in both experiments was analyzed as repeated measurements over time in a randomized complete block design. In Exp. 1, ewes were blocked by lambing date and this was considered for further analysis. The effect on LMD-CH 4 of feeding level, observation period, and their interaction in Exp. 1 and diet, genotype, and their interaction in Exp. 2 was analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). The REPEATED Area under the curve/min statement was used with the animal as a subject. A WEIGHT statement was used to account for the different total number of observations. The LSMEANS statement with the pdiff option was used to compare factorial effects whenever the significance of the interaction was P < 0.05. The MEANS procedure was used to obtain mean and SE. The LMD CH 4 concentration of the exhaled air was compared with daily mean chamber-based CH 4 outputs (g/d). As sheep entered chambers in pairs (n = 12 pairs), the LMD observations were summed to be comparable with the CH 4 output per pair of sheep obtained from chambers. The level of agreement between measurement methods was evaluated using the REG procedure of SAS, using a WEIGHT statement to account for different total number of observations. Potential explanatory variables (i.e., Table 1 ) were selected with the Stepwise selection process. All variables remaining in the model were significant at P ≤ 0.05. The variables most highly correlated with chamber-CH 4 were considered first during the selection process. A CORR procedure of SAS was used for estimating Pearson's correlation coefficient. Correlations and model fitting were analyzed separately for each observation period on the sheep data set with the objective of examining variation across the day to identify potentially better predictors from the LMD.
RESULTS

Analysis of Laser Methane Detector Outputs
Experiment 1. The overall mean background CH 4 concentration across the sheep study was 5.6 ± 0.17 µL/L. The overall mean of CH 4 concentration (µL/L) recorded with the LMD decreased significantly with time after feeding but did not differ between feeding level (AL vs. RES) or the interaction of both effects (Table 2 ; Fig. 2a) .
By pooling observations of ewes on the same treatment per period combination, samples of an average size of 3,138 data points were used to fit double normal distributions to the data set (Table 3) . On AL-fed ewes, greater mean CH 4 concentrations in the lower and higher distribution (Table 3 ) and respiration thresholds (Table 4) were observed in P2, whereas the same response was observed in P3 for RES-fed ewes.
Using the 99% probability of the lower distribution as a threshold to separate respiration from eructation levels, the proportion of CH 4 concentration screened as respiration and eructation differed between feeding treatment and time after feeding (Table 2 ). Mean and maximum values of respiration CH 4 were affected by the interaction between feeding level and observation period (Table 2 ). Mean respiration CH 4 of AL-fed ewes was significantly greater in P2 compared with P5 (P < 0.01; Fig. 2b ). Maximum respiration CH 4 was significantly greater in P2 compared with P1, P4, and P5 (P < 0.01) and tended to be greater than P3 (P < 0.10; Fig. 2c ). For RES-fed ewes, mean and maximum respiration CH 4 were significantly greater in P3 than the rest of the observation periods (P < 0.05 and P < 0.01, respectively; Fig. 2b and 2c ). Restricted fed ewes had greater mean respiration CH 4 than AL-fed ewes during all periods of observation (P < 0.05), except during P2 (P = 0.12) and P4 (P = 0.40; Fig. 2b ). Maximum respiration CH 4 of RESfed ewes was greater than AL-fed ewes during all observation periods (P < 0.01), except in P4 (P = 0.14; Fig. 2c ).
Mean and maximum values of eructation CH 4 did not different between treatment, feeding time, or their interaction (P > 0.25; Table 2) . Maximum values recorded during eructation events ranged from 20 to 1,634 µL/L of LMD-CH 4 . The number of eructation events did not 2 T = feeding treatment; Per = observation period; T x Per = interaction between T and Per; ns = non-significant, P > 0.10. *P < 0.10; **P < 0.05; ***P < 0.01.
differ between feeding treatments (P = 0.96) and tended to decrease with time after feeding from an average of 2.1 to 1.7 events/min (P = 0.10). Mean area of eructation events did not differ between feeding level, feeding time, or their interaction (489 ± 40.4 µL/L on average; P = 0.11, P = 0.18, and P = 0.95, respectively). Two out of the 24 ewes in the experiment did not present eructation during 1 of the 5 sampling periods. Experiment 2. The same method of analysis of LMD outputs was applied to a database of LMD measurements collected from indoor-fed finishing steers. The overall mean background CH 4 concentration was 2.6 ± 0.09 µL/L. The overall mean LMD-CH 4 concentration was affected by the interaction between diet and genotype (P = 0.045; Table 5 ). For both genotypes, the overall mean LMD-CH 4 concentration of LC-fed steers was greater than that of HC-fed steers (P < 0.01). For HC-fed steers, no differences were observed between genotypes (P = 0.87), whereas for LC-fed steers, the overall mean LMD-CH 4 of A:Lim steers was greater than Lim:A steers (P < 0.01; Fig. 3a ).
After fitting a double normal distribution, LC-fed steers had greater mean LMD-CH 4 concentration of the lower and higher normal distribution and greater threshold of respiration CH 4 than HC-fed steers (Table 6 ). Based on 99% probability, the proportion of CH 4 concentration from respiration and eructation was affected by the interaction between diets and genotypes (P = 0.026). The percentage of eructation CH 4 of A:Lim steers fed LC was greater than that for A:Lim steers fed HC (P < 0.01), but no differences were observed between diets on Lim:A steers (P = 0.76). For HC-fed steers, no differences were observed between genotypes (P = 0.25), whereas for LC-fed steers, the percentage of eructation CH 4 of A:Lim steers was greater than Lim:A steers (P < 0.05; Fig. 3b ).
Mean and maximum values of respiration CH 4 were significantly greater for LC-fed than HC-fed steers (P < 0.01) and were not different between genotypes (Table 5) . Mean and maximum eructation CH 4 were affected by the interaction between diets and genotypes (Table 5 ; Fig. 3 ). For both genotypes, mean eructation CH 4 of LCfed steers was greater than HC-fed steers (P < 0.05). For HC-fed steers, no differences were observed between genotypes (P = 0.87), whereas for LC-fed steers, mean eructation CH 4 of A:Lim steers was greater than Lim:A steers (P < 0.01; Fig. 3c ). Maximum eructation CH 4 of A:Lim steers fed the LC diet was greater than that of steers fed the HC diet (P < 0.01), but no differences were observed between diets on Lim:A steers (P = 0.14). For HC-fed steers, no differences were observed between genotypes (P = 0.49), whereas for LC-fed steers, maximum eructation CH 4 of A:Lim steers was greater than Lim:A steers (P < 0.01; Fig. 3d ).
Low-concentrate-fed steers had significantly more eructation events (5.1 ± 0.23 vs. 3.7 ± 0.17 events/min, respectively; P < 0.01) and each eructation event of a larger mean area compared with HC-fed steers (1,168 ± 130.9 vs.596 ± 56.2 µL/L, respectively; P < 0.01). The majority (83%) of the eructation events recorded with the LMD had a maximum concentration of lower or equal to 200 µL/L (Fig. 4) .
Laser Methane Detector and Respiration Chambers
Experiment 1. Daily mean chamber-CH 4 outputs from paired ewes was significantly greater for AL-fed compared with RES-fed ewes (109.7 ± 1.28 and 83.2 ± 1.94 g·pair -1 ·d -1 , respectively; P < 0.01; Fig. 5 ). The same response was observed on daily DMI, this being greater for AL-fed than RES-fed ewes (10.6 ± 0.08 vs. 8.5 ± 0.06 kg·pair -1 ·d -1 , respectively; P < 0.01). It is assumed that any CH 4 produced by lamb inside the chambers are attributed to the dams. As paired ewes in chambers were matched by size, no differences are expected between them. No differences were observed between DMI recorded during LMD or chamber measurements (P = 0.525).
Correlations between chamber-CH 4 and the overall mean LMD-CH 4 of the raw data were poor either for the whole data set, per treatment, or per observation period (Table 7) . The overall mean LMD-CH 4 did not explain significant variation of observed chamber-CH 4 of the whole data set (P = 0.39). Respiration CH 4 concentrations (mean and maximum) showed the best correlations with chamber-CH 4 compared with eructation CH 4 concentration and frequency or area of eructation events (Table 7) . The duration (time; min) of respiration and eructation events were highly correlated with chamber-CH 4 (Table 7) .
The ability of LMD variables to explain chamber-CH 4 differed between observation periods. Goodness of fit of models based on LMD variables only were better for measurements taken on P2 and included the effect of eructation time (P = 0.002) and mean of maximum values of respiration CH 4 concentration (P = 0.048; Table 8 ).
To find further good predictors of chamber-CH 4 , models including additional information regarding animal characteristics were produced. Results observed in chamber-CH 4 were predicted best by DMI (kg·pair -1 ·d -1 ; P = 0.008) and eructation time (min; P = 0.002; Table 8 ). This model showed an improvement from the relationship between chamber-CH 4 and DMI only and between chamber-CH 4 and LMD alone (Table 8) . No significant contribution was observed from BW (P > 0.15) to both models either with DMI only or with LMD only.
Experiment 2. In finishing steers, significant differences between diets and genotypes were observed for chamber-CH 4 , being greater for the LC than the HC diet (205 ± 6.1 vs. 145 ± 6.9 g/d, respectively; P < 0.001) and for A:Lim steers compared with Lim:A steers (183 ± 8.6 vs. 168 ± 7.7 g/d, respectively; P = 0.022). Mean DMI was significantly greater (P < 0.01) for HC-than LC-fed steers (11.2 ± 0.22 vs. 9.3 ± 0.20 kg/d, respectively) and for A:Lim than Lim:A steers (10.9 ± 0.23 vs. 9.5 ± 0.25 kg/d, respectively; P < 0.01). No differences were observed between DMI recorded during LMD or chamber measurements (P = 0.731).
Overall mean LMD-CH 4 of the raw data was correlated with chamber-CH 4 (r = 0.53, P < 0.001). A significant effect of diet type was observed for the relationship between mean LMD-CH 4 and chamber-CH 4 (P < 0.001) and the correlation between these variables was higher for the HC than the LC diet (r = 0.39 and r = 0.18 and P = 0.023 and P = 0.30, respectively). Although the relationship between mean LMD-CH 4 and chamber-CH 4 was significant, an improvement of the predictive ability of the LMD was Threshold, µL/L 20.9 22.0 observed after screening the data set into respiration and eructation CH 4 events. As a result of the model fitting process, a significant relationship was identified between observed chamber-CH 4 and LMD-CH 4 predicted with the model containing eructation time (P < 0.001) and mean of maximum respiration CH 4 concentration (P = 0.004; Table 8 ). Including DMI in a model with LMD variables only did not contribute to explain further variation of chamber-CH 4 (P = 0.69).
DISCUSSION
The results of using the LMD for CH 4 measuring indoors are presented and compared with respiration chambers. Although the LMD does not account for the CH 4 released from the flatus, this proportion has been reported to represent only about 2 to 3% of the total CH 4 produced by the animal (Murray et al., 1976; Muñoz et al., 2012) . Therefore, the LMD provides detailed information about the major proportion of CH 4 that is released by the animal.
The LMD detected greater background CH 4 concentration on the sheep than on the cattle experiment in this study and greater than the unpolluted air of 1.6 µL/L (Brimblecombe, 1995) , which reflects the presence of a total of 36 ewes and lambs in the sheep shed vs. only 6 steers in the cattle building.
Outputs of LMD measurements from sheep were less noisy that those obtained from steers, possibly because ewes were restrained by a person and movement of the head while recording measurements was very rare. On the contrary, steers were restrained by their neck in a yoke, leaving free movement of the head. Therefore, the original data set of steers contained more erroneous measurement points as a result of lack of reflecting surface for the laser measurement. These data points represented 3 and 9% of the sheep and cattle data sets, respectively. Still, it is relevant to emphasize that despite more variability because of head movement (contributing with variable distance between LMD and target, not able to focus so well on target spot, and probable perturbation of methane plume), there is agreement between LMD-CH 4 and chamber-CH 4 . This fact has relevance from a practical point of view. In the same way, the results presented here were obtained from experiments conducted indoors. Therefore, this shows the need to study the contribution of other factors as sources of variation, such as animal movement or micrometeorology, before recommending the use of the LMD for field-based CH 4 monitoring.
Mean values of CH 4 concentration are obtained straightforwardly by using the LMD. However, the importance of segregating the collected data into respiration and eructation levels was confirmed during the experiment. Just after animals visibly belched, CH 4 concentrations rose rapidly to values far above 20 µL/L. After a peak of eructation, other mini peaks of decreasing but still high concentrations are recorded by the LMD. It is possible that these peaks (which are high, but not as high as the maximum peak in the eructation event) recorded by the LMD belong to smaller eructation events or is CH 4 that the animal is breathing out, combining the normal respiration levels of exhaled CH 4 with the rebreathed plume from the main eructation. It could also be CH 4 remaining in the air passages from eructation and then cleared or washed out by subsequent breath cycles. Most likely, it is a combination of all these possibilities.
The importance of separating LMD-CH 4 concentration in these 2 levels also improved the ability of LMD outputs to differentiate between feeding treatments, which also correlated best with chamber-CH 4 outputs. These encouraging results could be seen as a disadvantage of the LMD to be used as a quick and easy monitoring device, as the current method used to obtained LMD values from lower or higher events is laborious. Fitting double normal distributions to data sets seems promising at first, but it is not simple to apply in practice and obtaining good predictors of CH 4 emission quan- tity depends on the access and ability to use a statistical package. Also, the fact that 2 ewes did not present eructation events while measurements were taken with the LMD could be seen as a disadvantage of it use. However, in Exp. 1, each observation lasted for only 2 min, meaning that in 92% of the cases the LMD was able to record at least 1 eructation event. This highlights another issue related to its practical application, where the length of observation periods needs to be adapted in relation to animal feeding and diet type. The lack of differences on the number of eructation events and the area under the curve between feeding level or time after feeding could be related to the large variation observed in the range of eructation maximum values. In Exp. 2, differences were observed between diets, where greater number of eructation events of greater area under the curve were observed for LC-compared with HC-fed steers. Although the opposite trend is expected as the ingestion of highquality diets will result in a quicker and greater ruminal fermentation than lower-quality diets, the low pH of the rumen content of HC-based diets can reduce the motility of the rumen (Kleen et al., 2003) , hence affecting the eructation rate. Therefore, further measurements of rumen activity should be performed before a conclusion could be drawn in this respect.
In the present study, more fluctuation in the LMD outputs was observed compared with those shown by Garnsworthy et al. (2012) using a different measurement technique. The high resolution and rapid response of the LMD to small changes in CH 4 concentrations could have contributed to the observed fluctuations. In the study of Garnsworthy et al. (2012) , the presence of hoods to restrict gas dispersion could also explain lower fluctuations in CH 4 outputs recorded. In the present study, a maximum of 2.1 and 5.1 eructation events per minute were observed for sheep and cattle LMD outputs, respectively. Lower frequency of up to 1.8 eructation events per minute were mentioned before (Garnsworthy et al., 2012) in lactating cows while fed in the milking parlor. Eructation events were previously described by Garnsworthy et al. (2012, p. 3169) as "a rapid rise of CH 4 followed by an exponential decay." However, in the study mentioned, the authors did not consider lower levels of CH 4 emissions and instead used a baseline of 200 µL/L focusing only on CH 4 from eructation events for further analysis. This difference between studies could be due to the lower threshold assumed in the present study to define an eructation event (between 16 and 32 µL/L) in comparison to Garnsworthy et al. (2012) .
Outputs from the LMD appeared comparable with those reported using the GreenFeed system (C-Lock Technology Inc., Rapid City, SD; c-lockinc.com/data. php) and to those reported by Lassen et al. (2010) , with more fluctuating measurements than Garnsworthy et al. (2012) and with lower and higher levels of CH 4 concentrations as observed in the present study. However, those studies did not mention respiration and eructation CH 4 levels as could be done in the present study. Correlations for models based on LMD variables and chamber-CH 4 (Table 8) are comparable with Garnsworthy et al. (2012) using an on-farm CH 4 monitoring device in high-yielding lactating cows, which was also then correlated with chamber-CH 4 (R 2 = 0.79). Although better goodness of fit was observed for sheep chamber-CH 4 prediction models compared with that for cattle, in both experiments, LMD outputs explained additional variation in CH 4 measured in respiration chambers than DMI alone (Table 8 ). This result indicates that there is more individual animal variability in observed chamber-CH 4 that cannot be explained by the level of intake of an animal recorded with respirometers, currently considered the gold standard for acquiring quantitative data on CH 4 emissions.
The results observed in this study for the LMD agree with others suggesting that CH 4 emission is greatest just after a meal and then decreases over time (Blaxter and Joyce, 1963) . A similar response was observed with both LMD and chamber measurement. The differences observed over the day also questions the appropriate time to characterize diets and animals and the role of time after feeding to find the most appropriate indicator of the animal status. From the LMD models fitted, it was observed that better goodness of fit was obtained with variables measured in P2 and P3, which indicates that chamber-CH 4 was better predicted when LMD measurements were taken from 3 to 5 h after offering fresh food. This is in agreement with results mentioned previously from a study using ruminal infusions of radioactive CH 4 (Murray et al., 1976) . However, the most appropriate time to perform measurements will depend on type of diet and its physical form. Still, this shows the potential of the LMD to record variations on CH 4 levels as affected by the dynamic of the digestive process with a less invasive tool, which no other method can detect with the precision as high as the LMD. On the other hand, unless new strips of fresh pasture are assigned daily, there is a need to test the best time of the day to use the LMD under grazing conditions to achieve good predictors of quantity of CH 4 , as animals' grazing behavior will affect the time of the day when meals are most likely to occur, ranging from dawn and dusk to continuous grazing.
Although the method of analysis of LMD outputs could have disadvantages, it is still surprising that measurements collected during 2 to 4 min with the LMD were correlated with 48-h observation from respiration chambers with the 2 measurement types at least 1 wk apart. This is probably the most promising result from this study for its future potential practical application. Furthermore, most of the time in practice it is unlikely that DMI would be known, and therefore, while use of DMI might improve chamber-CH 4 prediction (Table 8) , in practice the user would have only LMD-CH 4 data. This study demonstrates that LMD variables could be used to rank animals or investigate differences between diets.
Overall, the LMD measurements alone could not actually predict CH 4 amount as measured in chambers accurately without processing the data collected. The main weakness of the LMD is that it measures only concentrations, and without a means of calibrating data output against daily CH 4 production using, for example, respiration chambers, the main value of LMD data would be comparative between diets, animals, and systems in terms Table 8 . Accuracy and precision of models to predict methane from respiration chambers based on laser methane detector (LMD) measurements, animal characteristics, or the combination of both. Eructation and respiration CH 4 separated with the 99% cumulative probability threshold. 1 Observation periods 1 to 5 (P1 to P5) corresponding to observations at 2, 3, 5, 6, and 7 h after feeding.
2 DMI is in kilograms/day; ErucTime = mean eructation time recorded during eructation events (min); ErucTime_P2 = mean eructation time recorded during P2 (min); MaxResp = maximum CH 4 concentration during respiration events (µL/L).
3 Adj. R 2 = adjusted R 2 .
of ranking. The highly responsive nature of the concentration measurements nevertheless enable a variety of information to be gathered, which is not feasible with measurement techniques with longer time intervals of measurement (e.g., a full day for many SF 6 experiments) or buffered by the size of a respiration chamber. Ranking animals in terms of their CH 4 emissions measured over short-time snapshots in small chambers could introduce bias as variation in the number, frequency, and concentration of eructation events as was observed in the present study using the LMD. Given the nature of the exhaled plume from the animal and the data metric produced by the LMD µL/L per meter, a consistent methodology with stationary animals at a consistent distance is essential to ensure comparable data between data collection periods and between animals and treatments. At the moment, no other method can describe the variation in the respiration CH 4 level. However, there is a limitation to translate LMD measurements into amounts of gas emitted as volumes of exhaled air was unknown. Therefore, validating this potential advantage of the LMD to differentiate for respired CH 4 with simultaneous measurements of animal physiological behavior (e.g., rumen contraction types, respiration rate) is needed. Applying the LMD in further studies of the fermentation process over short periods of time could provide a less invasive, less costly, less laborious tool to investigate effects of nutritional treatments on CH 4 emissions.
Conclusions
For the first time, this study suggests that the LMD has the potential to provide detailed information about how CH 4 is released by ruminants over short periods of time. Separating the output values statistically into high and low levels of CH 4 related with emissions from eructation and respiration could potentially provide complementary information related to the dynamics of the CH 4 production in the fermentation process. Results also indicate that the LMD was able to detect the time when CH 4 peaks after feeding, thus giving information that could be relevant to further studies of short-time CH 4 measurements. Characteristics collected by the LMD improved the prediction models of chamber-CH 4 outputs, suggesting that there is more variation of CH 4 emissions that is independent to the level of intake. This study suggests that the LMD data on its own can prove useful for ranking and differentiating the effects of different feeding regimes and diets. Further assessments of the LMD should be performed in relation to measurements at the ruminal level and complemented with animal behavior and micrometeorology to validate these additional advantages and its application for measuring CH 4 from animals under natural conditions.
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